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I. INH IxONa

High power density spray cooling has been receiving a cousiderable

amount of attention. The developunt of future high power spacecraft

therml mmnagemnt systma my require very high beat fluxes to be

rwoved from surfaces maintained at low temperature. The surface

t mperature must be low to protect the integrity of the VLSI electronic

ccuponents. At the same tine, the waste heat must be rejected to space

by radiation. Since radiation depends on the toqperature to the fourth

power, the taqserature of the coolant must be as high as possible to

keep radiator size and weight requiremnts at an acceptable level.

Therefore, a very efficient cooling method is imperative.

Spray evaporative cooling has been dmnmstrated to be a viable

method to remov very high heat flux values from surfaces with low

suerheats (surface teiperature udnus fluid saturation temperature). In

fact, the efficiency of spray cooling exceeds that found in coventional

pool boiling by an order of magnitude.

This report describes the research effort directed towards

developing a fmdamantal understanding of the spray cooling process.

The research effort is divided into three sections containing

preliminary experinwtal results, analysis and theory, and new

experimnts peeforow with an improved apparatus.



II. (OB=M OFIVE HC m O w c

The objective of the research effort is to develop a furdumwntal

understanding of the evaporative spray cooling process through

experimentation, measuremet and analysis of the spray characteristics.

once we determine huo the spray characteristics effect the heat transfer

process, we can use this infornmtion to inprove heat transfer efficiawy

and increase the mmumn heat flux. The main hypotheses are (1) that

the droplet/vapor interaction is resposible for transition to film

boiling, and (2) that the liquid distribution on the surface resulting

from a given set of spray cooditiors affects the heat transfer

efficiency.
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III. ~ D

Current heat transfer eihanouiunt research has been direted

towards phase change processes. This is because the relatively large

latent beat can be extracted with only a few degrees superheat. Of the

various types of phase change heat transfer, spray cooling holds the

greatest promise for large increases in heat transfer efficiency and

maxinn heat flux.

Analysis of previously published data for experimentation where

surfaces are spray cooled with water in air at one atmosphere indicates

that the heat transfer is highly dependent on the spray characteristics.

Toda performed experinmts which showed maximum heat flux values of 200

to 250 Wn/2 consistently occurred at a surface superheat (surface

temperature minus fluid saturation tenerature) between 30 and 60 0C

[1]. Eastman and Ernst demonstrated that heat fluxes of up to 2,000

W/cm2 can be removed from a surface maintained at 300 OC (2]. Bonacina

et al. investigated the low heat flux range using very low percentages

of surface saturation [3]. Heat transfer coefficients for this research

ranged frum 1.5 to 15 W/au K with variation in droplet diameter and

percentage of surface saturation. The heat transfer results show a wide

variation with spray characteristics. This indicates that extensive

testing is necessary to quantify the effects of the spray

characteristics and develop a fundamntal understanding of spray

evaporative cooling.

To understand spray cooling copletely, we need to examine the

phase change process which occurs at the curved liquid/vapor interface.

References [4-12] provide an in-depth analysis of this process from a

thermodyna ic and mechanical equilibrium standpoint. The main

conclusion is that for low superheats, evaporative heat transfer can be

enhanced by using flat liquid film of minimum thickness.

A study of the theory of pool boiling is useful for appreciating

the inter-relationship of factors upon which spray cooling heat transfer

depends. The effect of the hydrodynamic instabilities, which prevent

liquid/solid contact, resulting in reduced heat transfer efficiency, is

a particularly crucial factor. This occurs when the critical heat flux

3



((HF), which is the highest heat flux at which the surface remains

wetted, is past. A similar effect resulting from the droplet/vapor

interaction can be anticipated in spray cooling. If droplets are small

and their velocities are low, they nay become entrained in the escaping

vapor and never reach the surface. Conversely, if they are too large

and fast, their kinetic energy cannot be absorbed by the inpact with the

surface, causing rebound and splashing. Also, liquid can be expelled

from the surface by nucleating bubbles within the thin film. All of

these effects v.ill result in insufficient liquid supply to the surface

which causes a transition to a nonwetting surface condition. This is

analogous to the Helbholtz instability which causes the transition in

pool boiling. Another factor which effects the pool boiling process

significantly is the surface roughness and wetting characteristics.

Just as in pool boiling, rough surfaces which have good wetting

characteristics are expected to enhance the heat transfer for spray

cooling. References [13-15] represent a few exauiles of the numerous

investigations into the theory of pool boiling, the theory of

nucleation, and the solid/liquid/vapor relationship of boiling from

which these conclusions are drawn.

This research effort is directed towards maximizing/enhancing the

critical heat flux, and concurrently reducing the superheat. The

hydrodynanic instability which limits liquid supply in the case of pool

boiling can be precluded for spray cooling if the spray characteristics

are properly chosen to avoid entrainment and rebound. This is why the

CHF for spray cooling can be so much higher than that for pool boiling.

In contrast to boiling, spray cooling involves thin film

evaporation and nucleation. In thin film evaporation, the liquid

molecules escape directly into the vapor/ambient at the free surface.

From phase change thermodynamics, the ixception of vapor bubbles on the

hot surface is partially dependent on the liquid/solid boundary

conditions, for exanple, on the availability of nucleation sites. The

heat transfer depends on the surface roughness conditions and the liquid

film thickness. For very thin films on smooth surfaces, evaporation

predominates. For thick film on rough surfaces, nucleation

pred ninates. In nany cases both effects are very inportant. However,

the most efficient heat transfer occurs when ultra-thin, uniform film

4



exist. Tberefore, the goal of this research is to provide a uniform
thin film of liquid m the surface so the heat flux can be maximized

with a m inium superheat.

5



IV. PR IMINRY ExmMIMTTIOt

To begin the investigation into spray cooling, we performed

preliminary experimentaticn to understand the spray cooling process and

identify the important factors governing the process. This section
describes the experimental setup and the results obtained.

4.1 EXPIMEINTRL DESCRIPTICN

The preliminary high power density evaporative cooling test

apparatus is shom in Figure 4.1.1. The heater block is a solid copper

cylinder 10 am in diameter. Six 1,000-Watt cartridge heaters are

irserced into the heater block. These heaters are controlled with a

rheostat so that a variable power input nay be obtained. The test

surface is clanpd to the heater block which is supported in a plexiglas

box and surrounded with ceramic fiber insulation. A machinable ceramic

seal and stainless steel cover are used to protect the insulation from

the spray and ensure that heat removal occurred only by evaporation from

the exposed test surface. This apparatus is capable of supplying up to

1,200 W/cn 2 to a 2.0-cm-diameter smooth copper surface.

During testing, the temperature gradient just below the sprayed

surface is measured by six thermocouples. Three thermocoupies measure

the tenperature gradient at the centerline. The other three

thermocouples measure the temperature gradient at a radial distance of

0.5 an. A data logger records the temperature measureinwts, calculates

the heat flux and the surface temperature.

A variable-speed magnetic drive gear pump controls the nozzle

pressure accurately at the desired pressure. The pressure and flow rate

are masured. Four different nozzles ranging from 0.51 to 0.76 au in

orifice diameter were used. The droplet diameters, velocities, and flow

rates for the experiments performed are presented in the following

section. The distance between the nozzle and the test surface can be

varied but was left at 1.9 an for the cases presented here.

6
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4.2 FREUD4INARY ClIW4DT'L REJLTS

Figure 4.2.1 presents preliminary eprI-ntal results obtained by

the method described above. Nozzles 1 through 4 were all operating at

20 psig. The nozzle characteristics at this pressure are presented in

Table 5.1.1 in the analysis section of the report. These first

experiments show that a heat flux of over 1,100 W/cm 2 is removed with a
surface temperature of 160 OC. We observed that the maxinun heat flux

increased with increasing flow rate. Since the nozzles are pressure

atomizing nozzles, the droplet diameters and velocities should not vary

significantly for the different orifice sizes at the sane pressure. The

main difference is in flow rate. Since the percentage of the spray
which is entrained or rebounded is dependant mainly on the droplet

velocity and diameter distribution, the critical heat flux should be
proportional to the flow rate. Exmination of Figure 4.2.1 does

substantiate this conclusion.

1200

-- nozzle 1

1000 - nozzle 2

C"--- nozzle 3
E ---- nozzle 4

800

600
I-

400

200 -

10 20 30 40 50 60

SUPERHEAT ( C)

Figure 4.2.1: Preliminary exgerinital results
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We observed during all the experinnts that the critical heat flux

was always preceded by a dryout in the center of the surface which

propagated radially outwards as the heat flux was increased. We believe

that this dryout was being caused by a deficiency in liquid supply at

the center of the surface. Even though the overall flow rate was much

higher thm was required to remove the heat being supplied to the

surface. This indicates that the spray conditions were not ideal, and a

large percentage of the coolant was either being entrained or -ebmwxWed

from the surface resulting in reduced heat removal capability. Since

dryout always began in the center of the surface, we decided to perform

an analysis of the sy.ay characteristics directly above the center of

the surface to determine the reason for the deficiency. This analysis

and the conclusions are presented in the following section.

9



V. SPMY CHARAlISTIC ANALYSIS

As discussed in the previous section, the spray characteristics
directly above the center of the surface were measured using a laser

phase Doppler system and analyzed to determine the phenomna leading to

the 01F. The measurements include droplet velocity, droplet diameter,

and volume flux distributions for various experimental c-Aiditions. This

section describes these measurenwts, the data obtained, and the

relationships between the spray characteristics and the heat transfer
results. An in-depth analysis of the effects of the spray

characteristics on the heat transfer for one experimental case is
presented. The results of this analysis are then used to explain the
heat transfer results for the other preliminary experimental cases

presented in the previous section.

5.1 MERDIr AND ANALYSIS

For the experimental results already presented, four different

spray nozzles were used. The characteristics of these nozzles,

operating at various pressures, govern the heat transfer. Knowledge of

the droplet diameter and velocity distributions, and the volume flux

profiles is of vital importance to the understanding and analysis of the

experimental results. Table 5.1.1 shows the orifice dimeter, nominal

volumetric flow rate, and spray cone angle for the four nozzles tested.

More important information concerning the spray characteristics Was
obtained using a laser phase Doppler system.

Table 5.1.1: Nozzle characteristics

Nozzle Orifice Flow Rate (1/hr) Cone Angle
dia. (in) 20 psig 30 psig 40 psig 20 psig 40 psig

1 0.020 9.5 11.8 13.6 500 580
2 0.022 13.0 12.9 15.7 560 600
3 0.027 19.3 22.7 27.3 540 590
4 0.030 22.7 27.3 31.8 540 600

10



The laser phase Doppler system used for this study was an

Aeramtrics Phase Doppler Particle Analyzer (iVEPA). A detailed

theoretical discussion of the procedure is reported in reference [16].

The optical configuration of the PIPA is the sam as that of a

conventional laser Doppler velocinmter. Light is scattered from

transparent spherical droplets passing through the fringe patterns

formed by the intersection of two laser bems. This scattered light

produces another interference fringe pattern in the far field which is

inaged on an aperture. The spacing of the fringes in this pattern is

directly proportional to the droplet diameter. As the drop moves, the

fringe pattern is swept across the aperture. Its passing is observed by

three detectors located at selected spacings behind the aperture. The

signal produced by each of these detectors is identical in frequency

content which is used to determine the droplet velocity. However,

because of the spatial separation eiployed between the detectors, a

phase difference exists between the signals. This phase shift is

proportional to the fringe spacing and therefore the droplet diameter.

Ihasureents of the droplet velocity, dimeter and volume flux

distributions were wade under various experimental conditions. The

volume flux distribution for nozzle 2 operating at 20 psig was measured

for the cold spray with no surface present. The curve presented in

Figure 5.1.1 shows the volum flux distribution plotted against radial

position within the spray. All laser phase Doppler measureents were

taken at a distance of 1.55 an fran the nozzle exit (0.35 an above the

test surface). The values presented in Figure 5.1.1 were adjusted

slightly such that the volume flux distribution integrated over the

surface area gives the actual volume flow rate leaving the nozzle. The

actual measured values were within three percent of the adjusted values

presented. When these measureiments are repeated whn the test surface

is present, the volume flux measurents cannot be used because they do

not distinguish between liquid coming to the surface and liquid leaving

the surface by rebound or entrainment.

Experimental observations indicate that the rahinum heat flux

results fra a deficiency in liquid supply to the center of the surface.

Transition to a film boiling condition begins with the formation of a

vapor barrier in the center of the surface which propagates radially

11



outward as the heat flux increases. Therefore, the set of film
boiling may be predicted through analysis of the spray conditions at the

center of the surface. This nay be accoplished by i.xparing the heat

removal capability of the volume of coolant delivered to the surface to

the heat flux at the center of the surface. When the heat delivered to

the surface surpasses the heat removal capability of the spray, the

deficiency in liquid supply results in surface dryout. As the surface
beccmas dry, the surface temperature increases rapidly to the point at

which it becomes noxwetting. This is the onset of film boiling.

3

E

2-

U-
Wi

0

0.0 0.2 0.4 0.6 0.8 1.0

RADIAL POSITION (cm)

Figure 5.1.1A: Volume~ flux distributi~

Th~e volume of coolant delivered to the surface can be calculated
frarn the laser phase Doppler measurements in the following manner.

1. Laser phase Doppler msasurwmuts of the droplet diameters and

vel ocities at a distance of 3.5 m above the test surface are

obtained.

2. The diameter measurements are then used to calculate the

percentage of the volumne of coolant supplied to the surface,

which comens back off the surface by entrauient in the

escaping vapor, rebound and splashing, or expulsion fran

12



nucleating bubbles. The droplets with positive velocities are

approaching the surface. Those with negative velocities are

leaving.

3. This percentage is used in conjunction with volume flux at the

center of the surface given in Figure 5.1.1 to determine the

volume flux which is available for heat removal.

4. The total heat removal capability of this volume flux, both

sensible and latent, is then comared to the actual heat flux

to determine if a deficiency is present. The critical heat

flux is predicted by this comparison.

The mthod described above is used to plot the curve given in

Figure 5.1.2 for nozzle number 2 operating at 20 psig. The total heat

removal capability of the spray is plotted against the heat flux. The

intersection of this curve and the straight line indicates the point

where the heat removal capability equals the heat flux to the center of

the surface. As the curve drops below this line, the deficiency in

liquid supply leads to the onset of film boiling. Therefore, the

maximn heat flux should result at a slightly higher heat flux than

indicated by the intersection. Figure 5.1.3 shows the corresponding

heat flux versus AT curve. The critical heat flux occurs at 814 W/Cm?

which is only slightly higher than the heat flux at the intersection at

approximately 780 W/cr 2 in Figure 5.1.2. This indicates that the (aF

can indeed be predicted through an analysis of the spray
characteristics.

Further analysis of Figure 5.1.2 indicates that the three regions

labeled on the heat transfer curve in Figure 5.1.3 can also be

explained. The division between region I and region II is defined by

the point where the sensible heat removal capability is equated to the

beat flux. At the lower heat fluxes in region I, heat is predominantly

removed by raising the temperature of the coolant to the saturation

temperature. Liquid in close proximity to the surface evaporates. A

portion of this vapor recds delivering its latent heat to

13



subcooled liquid in the vicinity. This is similar to subcooled flow

boiling. Above this point, the percentage of heat removal attributed to

evaporation increases. After the majority of the coolant is at the

saturation temperature, a large increase in evaporation rate can occur

with little increase in surface teiperature. This results in the

increasing slope (heat transfer coefficient) observed in Figure 5.1.3.

The division between regions II and III is seen where the slope of the

curve in Figure 5.1.3 begins to flatten. This corresponds to rapidly

decreasing heat removal capability as seen in Figure 5.1.2 due to

increased droplet entrainment, splashing, and expulsion. The

entrairumt increases with heat flux because the vapor escape velocity

increases. The splashing increases because the liquid film surface

becius more unstable due to increased nucleation. Expulsion also

increases due to increased nucleation and bubble generation frequency.

6000

C% " LIMIT

E sooo3 TOTAL
4 a SENSIBLE

4000 aa

3000 a

0~

o 2000 III

0 200 400 600 800 1000

HEAT FLUX (W/cm 2)

Figure 5.1.2: Heat removal capabilitv

When the liquid supply becomes deficient, if the heat flux is

increased slightly, the energy cannot be removed. Therefore, it goes

14



into storage causing a large surface tanperature increase. In this
case, the surface temperature quickly excee the Leidenfrost

taperature, and the surface become nonwetting ((MF is peast).

900

800-

700I

X 600

L" 500-

S 400

300 * ,

0 20 40 60 80

SUPERHEAT ( C)

Figure 5.1.3: Heat flux vs. superheat. tet case

As discussed in the previous section, the curves plotted in Figure

4.2.1 indicate that there are different heat transfer mechanism which

occur in the wetting region. For these cases, it appears that until the

surface superheat reaches approxinately 35 °C, the heat transfer is

predcminantly due to forced convection. This is evident due to the

linear dependence of heat flux on the superheat. This is equivalent to

region I shown in Figure 5.1.3 which indicates that the sensible heat of

the liquid supply is sufficient to remove the entire heat flux. Above

35 OC, the liquid supply begins to deplete because of increased

evaporation rates resulting in more efficient evaporation heat transfer

(region II). This continues until the liquid supply becomes

insufficient to sustain the heat flux. At this point, the surface

temperature begins to rise rapidly until the critical heat flux is

reached (region III). Same of the curves do not show this rise because

15



data points were taken at 5-minute intervals. When the liquid supply

becoms deficient, the critical heat flux is reached very quickly. At

the critical heat flux, roughly 20 percent of the fluid sprayed at the

surface is evaporated. This is in agreement with the measurements of

the percentage of liquid supplied which cames back off the surface,

discussed in the previous section. This percentage is relatively

constant for different nozzles operating at the swe pressure. This is

because the droplet velocity and diameter distributions are similar for

each of the nozzles. The only significant difference in the nozzles is

the volume flux of coolant. Therefore the raximun heat flux should be

directly proportional to the volume flux for all the cases in Figure

4.2.1 which is the case as previously mntioned.

To identify the most ideal spray conditions, we need to determine

the proper droplet size and velocity such that rebound and entraiment

are avoided. Since the droplet diameters and velocities are measured a

distance of 3.5 mm above the surface, this information can be determined

by balancing the inertia of the droplet and the drag on the droplet

using the following equation.

(u-v) = (u-v )exp(-18#t/pd2 ) (5.1.1)

The above equation is numerically integrated for a given heat flux

between the measurement probe area and the test surface to determine

whether or not a given droplet is entrained in the escaping vapor. If

not, the inpact velocity is used to calculate the inpact Weber number by

the following equation.

We = pd v2  (5.1.2)

At Weber numbers greater than 80, droplet disintegration and

rebound usually occurs for dry surfaces (17]. However, no inforumtion

is available on rebound and splashing when the surface is covered a thin

liquid film. The liquid film can deform and and absorb some of the

kinetic energy of the impinging droplets. Equations 5.1.1 and 5.1.2

indicate that with large diamter and velocity droplets, entraiumnt is
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les likely while rebound and splashing is more likely. Therefore, to

minnize excess coolant requireents, the droplet diameters and

velocities should fall within a certain range. If the diameters and

velocities are too low, the droplets will be entrained in the escaping

vapor, thus limiting the critical heat flux. If the diameters and

velocities are too large, the droplets will cause rebound and splashing.

Figure 5.1.4 is a plot of a theoretical ideal droplet diameter and

velocity range, which will minimize etrairmmt and rebound, at a heat

flux of 766 W/c 2 . For this calculation it was assumed that droplets

with inpact Weber numbers greater than 80 caused rebound and splashing.

The droplets with diamneters and velocities below the entrainment curve

will not reach the surface. Those with diameters and velocities above

the rebound curve will disintegrate and rebound assuming the surface is

predominantly dry. Curves such as this can be plotted for any desired

heat removal rate. These curves can be very useful for low heat flux

applications in which no excess coolant is present. In this type of

spray cooling, the surface is not flooded but covered with isoiated wet

patches. This type of spray cooling is modeled and discussed in section

5.2 and demonstrates good comparison with experimental results.

12-

3.

0
0 100 200 300

DIAMETER (microns)

Figure 5.1.4: Ideal droplet diameter and velocity ae
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5.2 7M lElMICR MODELING

The preliminary research has indicated that the spray
characteristics greatly influence the heat transfer process. We believe

that droplet diameters and velocities can be supplied in an ideal range

such that no entrainment or rebound will occur. If this is done, the
next step is to determine which droplet diameters and velocities within

the range provide the most efficient heat transfer.

A preliminary analytical model to predict the most efficient heat

transfer conditions is presented in this section. The model is based on

the solution of the transient conduction problem from a heated solid
surface to an evaporating droplet. The model is based on a problem
definition similar to that presented by Rizza [18]. Rizza's model

allows for the possibility of surface flooding. However, his results

are not presented in a fashion which is easy to use. His model also
required the assumption that the thermal capacity of the surface was
negligible. He therefore solved the steady-state problem at each tine

step based on the time dependant droplet geometry.

The previous data analysis suggested that for every heat flux,

there exists an ideal droplet diameter and velocity range such that none
of the impinging liquid will be entrained in the escaping vapor, or be

rebouded from the surface. The goal of this model is to identify the

most efficient droplet diameters, velocities and liquid distributions on

the surface that fall within the ideal range for a given heat flux. It

is hypothesized that smaller droplets and higher degrees of surface

saturation will provide the lowest surface teiperature for a given heat

flux. The reason smaller droplets are thought to be more efficient is
because they maximize the perimeter to volume ratio and form thinner

liquid film on the surface. The perimeter to volume ratio is inportant

because at the perimeter, the liquid/vapor interface contacts the

surface allowing evaporation to occur with essentially no superheat.

The thinner liquid films are also more efficient because heat nay be

conducted through the film for evaporation at the upper liquid/vapor

interface. Also, any nucleating bubble quickly breaks through the film
resulting in more liquid/vapor interface contacting the solid surface.
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5.2.1. ModelhRroagh

The approach to the solution of the model is as follows:

1. First a heat flux is chosen and the ideal droplet diameter and

velocity range is calculated as discussed previously in the

report.

2. Next, a droplet diameter and surface saturation from the

determined range is chosen.

3. The required liquid nmss flow rate necessary to remove the

heat flux with no excess liquid is then calculated. Also, the

ratio of initial droplet radius to the radius of one unit cell

based on the selected droplet diameter and surface saturation

is calculated.

4. The transient conduction problem for the heat conducted

through the solid to the evaporating drop is solved using the

governing equations and solution scheme which follow.

5. The surface temperature is integrated over time and area to

output a value for a q vs. AT plot.

6. The procedure is repeated for different droplet diameters over

the entire range for a variety of different surface

saturations, This will give differing values of AT for each

heat flux depending on the spray conditions.

7. A new heat flux is chosen and the entire process is repeated
to yield heat flux versus superheat curves which show the

effects resulting from changes in the spray ccnditions.

5.2.2. Govrnina Eguations

The governing equations and the boundary conditions as they apply

to the problem depicted in Figure 5.2.1 are presented here. Figure

5.2.1 is representative of one unit cell of the surface containing one
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evaporating droplet (not shown). This model is only good for surface

saturation levels low enough that droplet conglomeration does not occur.

The conduction problem is only solved in the solid. This is due to the

complex nature of the heat transfer within the droplet. If conduction

alone is assumed to occur in the droplet artificially high temperatures

occur. In reality, bubble nucleation would occur with only slight

surface superheats. Any nucleating bubble would very quickly break

through the liquid surface resulting in the very efficient "perimeter"

type heat transfer previously discussed. For this reason, the model

assumes the surface to remain at the saturation temperature under the

evaporating droplet (0 _ r _ rd(t), x = 1) This assumption may result

in underprediction of the surface temperature by as much as 20 0C.

However, the prediction of the general trend of the behavior is most

likely accurate.

x-axis
4r d

NN

L\

f f f uxq r-dir.

Contant Heat Fluq

- INSULATED

Figure 5.2.1: Model geometrv

The transient conduction equation is

+2T 1 T + 1 (5.2.1)
T-T+ r + =X I A
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The boundary conditions are

1. -0, at r = 0

2. 0, at r = R

3. -kst= q, at x 0

4a. T Tstat x l r rd(t)

4b. x = 0, at x=1, r > rd(t)

The droplet radius is determined as a function of time by

integrating the heat flux at the surface under the droplet and equating

it the the evaporation rate.

rd

a g - 2V j k-Ir x  rdr (5.2.2)

The evaporation rate is then used to determine the decrease in

droplet volume. The now radius is determined by assuming the the
droplet shape remauins constant as the volume decreases.

The governing equation and boundary coitions are then

nondimeusionalized using

=r/R, A x/l, r t/t res , and 9= (T-tsat)/Tsat

-d/R, -V/R 3, 0 = I

s sat

The resulting dimensionless equation and boundary conditions are
give by

4f+ 1 R+ 2i = 1 # (5.2.3)

21



1. 0, at = 0

2. #
2 0, at = 1

3. = #, at =0

4a. 0=o, at A = 1, V _d(r)

4b. 7 0, at I =1, > dM

= - (d/d Al d'  (5.2.4)

5.2.3 Solution Schmei
The governing equations are solved using the Alternating Direction

Implicit solution schem. The equations are first written in finite

difference form using forward or central differencing. They are written

for the first half time step in the A-direction (All terms in
A-direction written as unknowns). These equations result in a

tridiagnal matrix which is easily solved using the Thomas Algorithm

(19]. These new temperatures are then used in the equations written in

the y-direction for the second half tine step resulting in another

tridiagonal matrix. This matrix is then solved to give the new

temperature distribution. The heat flux at the surface is then

integrated to decrement the droplet radius. The temperatures are then

updated and the solution continues. When the drop completely

evaporates, a new drop is added and the problem is solved again using

the temperature profile at the end of the previous droplet as the

initial temperature profile for the new droplet. This continues until

the temperature profiles no longer change from one droplet to the next.

At this point the surface temperature is integrated over the total area

and the lifetime of the droplet to provide the average surface

temperature estimate.
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5.2.4 ModLiesLau
The cmWnuter program has been written and saw results presented in

this section. The output includes a prediction for the surface

teperature averaged over the surface arem and the lifetime of the

droplet for various values of heat flux, surface saturation, and droplet

diameter before inpact. The results verify the anticipated trends of

inproved efficiency with increasing surface saturation and decreasing

droplet diameter. Figures 5.2.2 and 5.2.3 are plots of heat flux versus

surface superheat for varying values of surface saturation and droplet

diameter, respectively. These curves illustrate the extreme inmportance

of the spray characteristics and the liquid distribution on the surface.

The results clearly indicate that any changes in surface saturation or

droplet diameter have extreme effects on the resulting surface superheat

for any given heat flux. The predictions presented do not include the

account for any heat transfer resistance within the liquid. Since this

resistance can dominate, the predictions are only useful in showing the

anticipated trends. We should also mention that the predictions are the

ideal waximnu. Any nonuniformity in the liquid distribution could

result in a much higher average surface terperature. The sam holds

true for any variation in droplet diameter.

Since the model unerpredicts the surface superheat because of the

assuption that the surface remins at the saturation tenperature under

the evaporating droplet, a conduction drop is added for coiparison with

experiments. The correction uses a time and area averaged resistance,

Rh , to estimate the conduction drop in the droplet. Equations 5.2.5 and

5.2.6, from reference 3, calculate the temperature drop which is added

to the superheat given by the model predictions.

R 4/9 (5.2.5)Rh= rd# 2k I

AT %rR2q/Rh  (5.2.6)
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5.2.5 Camcariaon With other Merialgal Results

The analytical model predictions are compared to the experinntal

results presented by Bonacina et al. [3]. We feel these results are

most applicable because no excess liquid was present and the average

surface saturation values were low. In general, the model predictions

are well supported by the experimental data. Table 5.2.1 shows a

ca-asrison of the model and the experimmtal results. The value of

ATM P ws taken from the data presented by Bonacina et al. The ATthr is

predicted by the analytical model, including the conduction drop across

the liquid film, estimuated as described above. The percent difference

between the theoretical and experimontal results is also given.

Table 5.2.1: Camarison with experimnmtal data

Run q C d ATmtp  ATthr  % Diff

/m2 Fm K K

1 49.7 0.045 65 18.0 16.1 10.6
2 64.8 0.188 56 4.5 4.0 9.1
3 109.9 0.195 83 11.9 11.9 17.6
4 142.0 0.054 73 39.4 42.7 8.4
5 215.3 0.196 90 23.9 20.8 13.0

The agreement between the model and the experimntal data of

Bonacina et al. is very good. In most cases, the surface texperature is

underpredicted by the model. This is probably due to variation in the

droplet diamter and nonuniforuuty in the liquid distribution on the

surface.

5.3 DISCJSSICtI

From the results of the prelminnary experiments and the analytical

model, apparently several factors influence the heat transfer

efficiency. These include the wetting characteristics of the surface,

the percent of surface saturation, the thickness of the wet patches, and

the wet patch perimeter to volume ratio.

Wetting Characteristics: The wetting characteristics influence the heat
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transfer efficiency because the contact angle influences the thickness

of the wet patches. To maxmize the efficiency, the contact angle

should approach zero degrees.

Surface Saturation: The heat transfer efficiency is highly dependent on

the surface saturation. This is because the dry areas remove a

negligible umunt of heat in comparison to the wet areas. Therefore, if

the surface is only 10 percent wet, the heat flux to the wet patches is

10 times greater than the average heat flux to the entire surface. As

the heat flux to a given wet patch increases, the surface temperature

nust also increase. Therefore, higher surface saturation provides more

efficient heat transfer if all other factors remain constant. However,

the surface saturation should not be increased to the point where wet

patches begin to conglcomerate because this will adversely affect the wet

patch thickness and perimeter to volume ratio. The data of Bonacina et

al. substantiate this observation. For the sam heat flux and droplet

diameter, a 47 percent increase in surface saturation yielded a 58

percent increase in heat transfer coefficient [3].

Wet Patch Thickness: The wet patch thickness influences the efficiency

because evaporation occurs at the upper liquid vapor interface.

Therefore, the heat nust be conducted through the liquid film. Thicker

films will result in higher ten'erature differences across the film.

Since the liquid vapor interface is at the saturation temperature, the

surface tamperature mat increase with liquid film thickness.

Wet Patch Perimeter To Volume Ratio: The wet patch perimeter to volume

ratio has a very strong influence on the heat transfer coefficient.

This is because intense evaporation occurs at the perimeter of the

droplet where the liquid/vapor interface contacts the surface. Also,
very l" ttle teaperature drop is required to sustain evaporation at the

perimeter. For a given volum of liquid on the surface, smaller

droplets would provide iore perimeter area, thus inproving the heat

transfer efflciency. This conclusion is also substantiated by the data

of Bonacina et al. They also show an increase in heat transfer

coeffi 'ient with a decrease in droplet diameter [3].
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VI. IMPROVEG) EXuIMATIOK

The preliminary experimets and analysis gave much insight into
understanding the spray cooling process. In the preliminary

experiments, near the critical heat flux, only 20 percent of the coolant

supplied resulted in effective heat removal. Since the spray

characteristics were such that a large portion of the supply was

rebounded, we decided to use nozzles supplying smaller, lower velocity

droplets. Also, we discovered certain problem with the initial

apparatus; mainly, because of the high thermal mass, accurate

determination of the critical heat flux was difficult. For very high

heat fluxes, the temperature of the heater block approached the malting

point of copper. We decided that a new apparatus would be designed

using finite elemnt analysis to minimize the thermal mass and the

maximum tenperature in the heater block. The new apparatus would also

feature power control based on temperature rather than heat flux. This

section describes the new apparatus, its benefits, and new experimental

results. These results are also analyzed based on the findings

previously presented in this report.

6.1 tarsRIAL DECRIPTION

owing to the large thermal gradients required to drive large heat

fluxes through any surface, we nust carefully design the apparatus so as

to arrive at temperatures within the body which maintain the physical

and chemical integrity of the system. A number of methods of heating a

surface have been comsidered, naiely:

(1) Induction heating: If a material which is electrically conductive
is subjected to a strong, high frequency magnetic field, then large eddy

currents are set up within, which dissipate energy due to the electrical

resistance of the material. Second, if the material is magnetic, then

losses due to hysteresis also contribute to the heat generation.

Coupled with this are also mechanical losses due to mogneto-constriction

of the material. This technique, however, requires the e'ectramagnetic

coils to be as close as possible to the surface, thereby, restricting

access to the droplet sprays. Also the high frequency magnetic field
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induces currents in the thermoccuples circuits, nking temperature

Masurement and cuntrol difficult.

(2) Resistive heating: In this case, the surface consists primarily of

a resistor film of good thermal and electrical properties. Electric

current flowing against the resistance generates heat which is conducted

away from the surface by the droplets. The heat flux is given by the

product of the voltage across the heater times the current flowing

through it. Current material properties require very thin films which

are easily destroyed when the surface teperature juwps past the

Leidenfrout temperature. Thus regular fabrication and replacement of

the surface is needed.

(3) Radiation heating: The surface is heated using incident thermal

radiation from high power tungsten-in-quartz lamps. Using specially

contoured air cooled or refractory reflectors the incident flux can be

tailored to be uniform on the surface.

The above three methods provide:

(a) Quick transient response in terms of switching the power or

heat flux on and off immediately,

(b) Heat flux is uniform over the surface,

(c) Surface has a lower thermal capacity giving better transient

control of average surface temperature,

(d) High heat flux rates (1,500 W/aoe) are feasible if the system

can be maintained at a temperature much lower than the melting or

oxidation points of the material. //

The radiative method of heating is the most appropriate for /

scale of experiments projected in this study. With reference to Figure

6.1.1, higher power (40 W/am) tungsten-in-quartz heat lamps are inserted

into cylindrical chemrers within the copper body of the heated surface.

This system, i.e., the tungsten filament, which can be viewed as a line

element radiative heat source, (tesperature = 4,000 OF, 0.5 _ J S 4.5

pm), enclosed within a cylinder closed at its ends, constitutes a black

body. Thus, all the radiative energy is absorbed into the copper base

of the heated surface. These radiation lurps have a fast thermal

response (99 percent rated power within 3 secs), can withstand high

temperatures by virtue of their sealed quartz envelope, and provide a
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high radiative heat flux. Depending Oln the heat fl1ux required, a

unitiple number of these lamps can be used in this setup.
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ctroller which is progrumeble, uses a PID, (proportional, integral

and derivative) schee, performing a maximum of six cycles a second and

maintains the temperature within 1 OC of set point.

6.1.1 TUerature and Heat Flux Detendnti-z

The heat source consists of two parts, (Figure 6.1.2), narmly, the
lower copper body into which are inserted the radiation lamps, and the
crown or cooled surface from which heat reaval is desired. By

measuring the temperature difference across a known distance in a

section of the crown where the isotherms have flat profiles, we can

determine the heat flux using Fourier's law of heat conduction,

ATq - (6.1.1)

At a desired heat flux of 1,000 W/c=n, in a coF. r body of uniform cross
section, the tenerature gradient using equation (6.1.1) is

dT
= 25.4 oC/mn (6.1.2)

This requires that the size of the therrocot'la be of th hA -er of 40 pm

for a temperature measurement resolution to be within 1 0 C. Secod, an

uncertainty analysis

w wX 2 WT 2
- = I ( I + { [ (6.1.3)

implies that the prediction of the heat flux is also dependent on the

accurate measurerunt of the distance between the two thermocouples.

Ideally, this paraeter in the heat flux equation should be minimized

for maxima temperature reduction within the system.
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Figure 6.1.2: Intearal surface thermocouple Junctions

We do not reccmmid the common method of temperature measurement

using fine thermocouples because as mentioned earlier, the wire sizes

required are too fine at such high temperatures, being more susceptible

to standard wire errors [20), corrosion and failure.

An alternative method to measure temperature is to use a thin film
of Constantan, (selected because with copper it corposes a

thermocouple), interleaved between a copper film n the top, (which

constitutes the cooled surface), and the heated copper block at the

bottom, located in a region of the crown where flat isotheam are

predicted.

This lardnate thermocouple construction, shown in Figure 6.1.2a, is

bonded together using silver solder, (Harris 50-003-1/4, 50% Ag + 15.5%
Cu + 16.5% Zn + 18% Cd, liquidus 1175 OF), selected because of the high

teaperatures expected within the copper block. Constantan has a low

therml conductivity, (21.12 W/m OK), thus the thinner the film, the

lower the temperature rise across it. Second, the film thickness

neasurement, Ax, when accurately determined, further reduces the

uncertainty in the heat flux prediction.

Owing to the existence of a heat flux across the laminate

thermocouple junction, (see Figure 6.1.2a), and to the finite thickness

of the silver solder layer, (50-75 pm), we cannot assume the junction to

be isothezml as a temperature gradient exists. Hence, a single

copper-constantan thermocouple calibration is invalidated. However, a

closer study reveals that the laminate can be viewed as two

thermocouples, namely, copper-silver and silver-constantan. Here, the
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junctions are well defined planes marked by the boundaries of the

ccwstantan and copper. The resulting voltage measurements is the sum of

the two thermocouples in series as shown in Figure 6.1.2b, the

equivalent copensated circuit is shown in Figure 6.1.2c. This requires

individual calibrations for both the copper-silver and silver-constantan

thermocouples which were performed and the results are presented in

Figure 6.1.3, along with their polynomial fits, provided in Table 6.1.1.

Table 6.1.1: Thermocouple calibration

Polynomial Copper- Copper- Constantan-
Coefficient Cons antan Silver Silver

QCo ug Coag

a0  7.2633364e-07 -8.2093389e-06 -5.3587533e-06

a 3.8522987e-05 1.5605573e-06 4.0999952e-05

a2  4.3124505e-08 -1.0782581e-08 -5.3762608e-08

a3 2.2868553e-1i 1.8549296e-10 9.1690699e-10

a4  -4.4466612e-13 -1.4160927e-12 -4.7932901e-12

a5  1.7744421e-15 5.7250733e-15 1.4669923e-14

a6  -3.3649500e-18 -1.1647572e-17 -2.5512934e-17

a7  2.4993808e-21 9.3373451e-21 i.8473597e-20

Where, V a + aT + a2T
2 + ... +aT and

T = Teqperature in degrees Celsius
V = Thermocouple voltage in volts

The corrected heat flux from the surface can then be written as

T1 - T2  T2 - T3  T3 - T4

T -T Col
%~

from the first equality in (6.1.4) we get

Ti ! KCo T KCo T+- 1 - 2 +-Tj } +- T- 30 (6.1.5)
CO Co
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Similarly from the second equality in (6.1.4) we get

T1 - T2 - T3 + T4 = 0 (6.1.6)

The voltages measured by the equipment are,

v(T1 ) + V(T2) VH (6.1.7)

v(T3 ) + V(T4 ) v (6.1.8

We have four equations, 6.1.4 through 6.1.8 and four uo T 2 3 ,4 .

Having already obtained the calibrations for the various thermocouples,

using a Gauss-Seidel iterative method. we can evaluate the unknowns.

0.025
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O 0.020
H
1-1

0
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Figure 6.1.4: Thermocouple voltaMe calibration
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The beat flux at the surface is given by equation (6.1.4) r-4 the

surface taiperature is evaluated by extrapolation using equation 6.1.9,

Tsur :T 4 -q- (6.1.9)

Before fabrication of the heated surface, steady-state heat
conduction analysis using finite element techniques were performed on
the prototype. The lighted length of the lamis being 12.5 am and the
use of three l aps require the plan section of the body to be 12.5 an by

7.5 cn. In the design of the heated surface body, we attenpt to
minimize the maximun taeperatures and reduce the thermal mass. The lower

ten eratures not only preserve the physical and chemical integrity of

the body, but in conjumction with the lower thermal mass provide quicker
heating/cooling transients. Figure 6.1.4 provides results of this
feasibility analysis. This is a symmetrical quarter section of the
model, so sectioned to inprove resolution and designed with a square
crcam of 1-cm edge and 7-am height for sinplicity of analysis. Two
constantan films of 127-pm thickness are located 4 nm and 6 mn above the
body surface. At locations above 3 am, flat isotherms are observed.
These results obtained for conditions of surface temperature of 150 OC
and heat flux of 1,000 W/Ar 2 , indicate a maximum temperature of 567 0C
at the lower nst corner of the block. Experiments performed with a
shortened crown of height 4.06 mnn and a single constantan film, gave
tenperatures which corroborate well with the numerical predictions.
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6.2 SEW SYSTEK

The ccuponents of the spray system are illustrated in Figure 6.2.1.

City water is first distilled in a Barnstead distiller before being

passed through a Barnsteed Nuhopure de-ionizer. Using a variable flow

pump, the cold water is filtered before flowing through a calibrated

orifice plate flow voter, designed for flow rates of 0.2 cc/sac and

more. Because gas bubbles appear in the water lines, a gas trap is

included which is integrated with a temperature controlled heater to

provide water for the spray nozzle at same predefined teaperature value.

This facilitates control on the degree of subcooling. Finally, Paasche

Air brushes are used as the spray nozzles. These nozzles are capable of

providing hamgeneaus droplet sprays over small areas (approximately 15

m diamter). A thin annular liquid strean is aspirated or injected

into the path of an accelerating jet of air. Through surface shear

forces, the air jet atomizes the liquid into small droplets (ranging in

size from 40 pm to 220 m depe ing on liquid and air flow rates) and

imprt ustu to thum. As the velocity of the air jet is increased,

for the sane liquid flow rate, the average size of the droplets

decrease. Likewise, for the sawn air flow rate, as the liquid flow rate

is increased, the size of the droplets increase; see results in Table

6.2.1, which presents velocity, droplet size and flow rates. The

droplet diameter and velocity measureaents are described in section

6.2.1.

A study of the air/droplet inpingetmet flow field on the surface

clearly shows the advantages of such a system. The air jet on impinging

the surface forms the well studied stagnation point flow field [21].

The drops do not follow the air streamlines close to the surface but due

to their relatively higher inertia follow straight paths, impinging on

the hot surface to form flat discs, whose thickness is much smaller than

the diameter of the drop. Simultaneously, the stagnation flow field

spreads the droplet/discs further, like a rolling pin, to form a thin

film on the surface. Any vapor that emanates from the hot surface

because of evaporation is instantly swept away. A review of phase

change thermodynamics will show that a liquid is induced to evaporate if

the partial vapor pressure of its vapor in the anient adjacent to its
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surface is lower than the saturation vapor pressure at that teiperature.

Hence, the effect of the stagnation flow field is to enhance evaporation

even further by clearing away/reducing the partial vapor pressure in the

immediate vicinity of the liquid surface.

City Water Distiller

The hat trnsfer dednter sur ace coniti ,sufc

I emperature +
Controller Heaterr

Figure 6.2.1: SprakyJsyste m

6.2.1 Droplet Size and Velocity 1mUr-- n

The heat transfer depnd on the surface conditions, surface

tenperature, properties of the liquid, droplet size and velocity. To

define the thermal and fluid flow fields, we have experimented under

controlled conditions within experimental limitations.

If a drop of water is brought to rest on the surface of a liquid with

which it is completely immiscible, then surface tension analysis

predicts that the angle at the junction where the two surfaces meet is

fixed for the two liquids. Using this principle, a slide covered with a

thin film of petroleum jelly is passed under the spray nozzle, where the

droplets have lost most of their momentum (to prevent any splashing or

breaking). The droplets then sit on the surface of the slide as

scheratically sham in Figure 6.2.2. These truncated spheres, (studies

in droplet clouds have shown that droplets of diameter less than 3,000

pm maintain a spherical geometry, beyond this gravitational forces begin

to skew the profile), have an apparent diameter, D, when viewed normal
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to the surface of the plate, which is related to the actual diameter, d,

through

d = D [ 2 + 3Cm- cos3._] /3 (6.2.1)

Here, 4 is the angle of contact between the two surfaces of the liquids,

(# 2! 1040 for water and petroleum jelly). Using this method average

droplet size and distributions were obtained for a fixed set of air and

water flow rates. This method provides estins' of droplets diameters

that are accurate to within 10 percent.

D-2R

Figure 6.2.2: Droplet nutsurmnt asatr

The droplet velocity nsauruemnts are area averaged. Using mew

conservation of air and water flow through the air nozzle exit, average

droplet velocities were calculated. This method provides a total area

averaged velocity which does not individually conider the nxmtum of

the air or water flow fields. Hence, the droplet velocity is

underestinated; however, it lends insight and material for analysis.
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Table 6.2.1 shows the results of these measurements for four

different cases. These cases will be used to dese'ribo the experimental

results presented later. Comparison of these droplet diameter and

velocity ranges with the ideal range curve presented earlier indicates

that the spray characteristics fall near the entrainment line. This was

expected since the method of accelerating the droplets relies an

entraining them in the air strem. This indicates that the CHF will be

reached when the liquid supply becams deficient because of entrainment

in the escaping vapor.

Table 6.2.1: Experimental flow field parameters

Water Drop Size Average Air Pressure
Case Flow Rate Average/Range Velocity /Flow Rate

1/hr Am m/s psig, 1/hr

1 2.5 131/ 68 - 219 6.0 20 /584
2 2.5 108/ 73 - 158 7.5 30 /739
3 2.5 85/ 42 - 155 9.3 40 /890
4 3.7 114/ 59 - 200 9.3 40 /890

6.2.2 Water and Air Flow rate Calibration

With the aid of a variable flow gear pump, orifice plate flow meter

and a differential pressure transducer, we calibrated the flow rate

versus pressure difference over a range of 0.2 cc/s to 2 cc/s.

Similarly, for a fixed jet size on the Paasche Air brush, we calibrated

the absolute air pressure to air flow rate using a wet test meter, over

the range of 0 to 60 psi, which corresponds to 0 to 350 cc/s.

6.3 RESJLTS AND DISCUSSION

We comducted a fixed set of experiments to study the effect of

liquid/gas flow rate, droplet size/velocity, and sensible heat content

of the liquid on the heat transfer rate at surface temperatures below

the Leidenfrost point. All ccmparisons are in the form of total heat

flux versus the surface teperature.

Prior to spraying the surface with droplets, we measured the

contribution of the air jet to the heat flux. Even though the flow
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field with the droplets is more ccmplex, the beat dissipation solely due

to air ws 17 N/cO %t a surface temperature of 100 "C, ccraratively

negligible.

A heated surface of 1 cm2 circular cross section was fabricated as

described in the experimental section. The whole heater body and

thezmWcople leads were well insulated with Fiberfrax ceramic fiber

insulation, which maintains its low thermal conductivity (approximately

0.1 W/m OK) at high teuperatures. This is then placed in an aluminum

box, fran which the power leads for the l1pe and thermocouples are

accessed, and compressed air for coolig the lamp ends is injected. The

whole assambly is then covered with alt-dnum foil, such that only the

cooled test surface is exposed to the coolant.

Before each experiment, the test surface is cleaned lightly with

1/0 emery polishing paper, then swabbed with hydrochloric acid and

finally washed with deionized distilled water. Freshly, deionized

distilled water is used as the coolant in all experiments. Experiments

were performed with the spray nozzle approximately 23 mm above the

surface. In such a position, the whole surface received the spray

evenly, and most of the liquid inpinged on the surface before being
swept away by the air flow. The liquid and air flow rates were

monitored at preset rates throughout each experiment.

lpariments were begun at roam temperature and ramVed up

continuously until Leidenfrost conditions were reached, after which the

heaters were automatically shut off and the recorded data analyzed.

After cooling do, the surface was prepared again for the next run. An

imnmediate rerun or cooling cycle data is not taken, as after the
temperature jump to Leidenfrost conditions; a thin layer of oxide forms

on the surface, thus changing its characteristics. A copper surface was
selected because of its high thermal conductivity and wettability with

water, an important pariueter in film boiling/evaporation.
Table 6.2.1 provides the parameters of the flow field for four

different cases of liquid flow, gas flow and liquid tenrerature measured

at nozzle exit. A number of experiments were performed to check for
repeatability, occurrence and value of the critical heat flux ((HF).

The repeatability of the experiments is very good lying well within 3

percent of the heat flux at any toprature. However, determination of
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the CHF point exactly, is beyond the mans of this heater-block system.

In the CHF region, the flow at the surface tends to shift back and forth

between the wetting and nonwetting regions. At this Juncture,

teiperature shifts range fram 120 0C to 140 0C. The copper block system

has a thermai capacity of approximately 850 J/0 C, which means, in the

CHF region, where heat flux rates are of the same magnitude or higher,

it takes a second for every degree drop. However, the surface

teiperature fluctuates at a much higher rate. Hence. if the surface

flow condition changes to an adverse film boiling situation, then the
heat flux will drop, which exacerbates the problem further, driving the
surface tenerature even higher, thus having a run-away effect leading

to the Leidenfroet point.

Figure 6.3.1 clnpares the change in heat flux with increasing

droplet velocity for the same liquid flow rate (see Table 6.2.1). The

water temperature in both cases is 28 0C. Here we note the cold water

has a significant effect in the subcooled region. At 98 0C, the slope

changes sharply; as phase change begins, the heat flux increases at the

rate of 16 W/°C superheat. At about 107 0C, the slope reverts and

starts decreasing gradually, and near the COF point (about 130 0C to 135

0C), a miximum is noted. We note no appreciable change in the heat flux
due to change in velocity until this region is approached. This is

because the surface is kept equally wet in all three cases for the lower

heat fluxes. However, in the region of the OAF, we observed higher heat

removal rates with the higher velocity drops. This is because the vapor

evolution entrains the slower droplets, preventing them fram reaching

the surface. Hence, the cases in which the droplets have higher

nomentum result in higher heat flux. Flow visualization indicates a

more even distribution of droplet size at the higher velocities. At

lower velocities, larger droplets exist and my reach the surface, but

their numbers are insufficient to sustain higher heat flux rates. These

experiments indicate an increase in the critical heat flux with velocity

at a constant flow rate, the increase being about 3 percent between case

2 and 3.
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Figure 6.3.2 caipares the effect of cold water (31 °C), versus hot

water (81 0C), on the heat flux for case 4. Below saturated conditions,

100 0C, the cold water has a significantly bigher heat removal rate than

the hot water. once saturated conditions are reached, both show

identical trends. This is because, as explained earlier (Figure 6.3.1),
in this region, the liquid required on the surface is sufficient in both

flow fields to remove the given heat flux. However, on reaching the CHF

region, the hot water provides much higher heat flux rates. At such

high heat flux rates experienced in this region, the drop of water

impinging the surface must have as short a residence tine in heat

renval, going from subcooled to saturated to vapor. The hot water is

almost at saturated conditions when it impinges the surfaces, and hence,

removes heat through phase change almost immediately. The cold drop on
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nuking contact with the surface, must heat to saturation before

evaporation. Waer his a low thermal conductivity, hence the suirface on
the inmpacting side will vaporize inmmdiately before the rest of the drop
can be raised to saturated conditions, the evolving vapor tending to

lift/fold the liquid film, suspending/entraining it. Thus the liquid is

ipeded from reaching the surface, which causes the surface temperature
to rise, leading to deterioration in the heat flux conditions. In this

case the mnximn heat flux attained was 1,180 W/ar 2 for the hot water,

and 1,040 N/amr for the cold. At this flow rate and C0F, 1.95 times the

required quantity of water was sprayed on the surface. The excess

liquid supply is most probably entrained in the escaping vapor and swept

away by the stagnation flow field.
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Figure 6.3.2: Heat flux vs. superheat. Dreheat effects
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Figure 6.3.3 again campares the change in heat flux for water

teperatures of 28 0 C and 81 OC with flow conditions specified by case

3. In this case we observed no significant change. This is because the

flow rate is very near (1.5 tines) that required for heat removal, sane

of the flow being swept away by the stagnation air flow, rebound and

entramnent. Therefore, the CHF is reached because of deficient liquid

supply before the effect described above becanes significant. In this

case, a heat flux of 1,000 W/cmr was attained in each case.
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Figure 6.3.3: Heat flux vs. superheat. Preheat effects
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Figure 6.3.4 shows the effect of the change in flow rate (cases 3
and 4) on the heat flux, at an initial water temperature of 28 0 C. The
higher flow rate removes 15 percent more heat in the unsaturated region,
having identical values in the nucleate boiling region. In the C(F

region, it removes 6 percent more heat for the sam degree of superheat.

Experimnrts performed at flow rates well above 3.7 liters/hr do not show

appreciable increases in heat flux. This would inply that the flow rate
in case 3 is not optimui for mxiuzm heat removal.
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Figure 6.3.4: Heat flux vs. superheat, flow rate effects

In all these cases, an abrupt break in the heat flux curve occurs

near the CHF because the therml inertia of the copper block does not
permit instant temperature retardation, hence, run away conditions

predcminate.
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6.3.1 1 a

Additional experiments were performed with the pressure atcgizing

nozzles used for the preliminary experiments. As mentioned previously,

the spray characteristics are not well suited for efficient cooling.

The liquid flow rates are too high, and the droplet diameters and

velocities are too large. Howe, er, two cases are presented here in

which the distance between the nozzle and the test surface was increased

from 1.9 to 2.5 cm to reduce the amount of coolant striking the surface

and to decrease the impact urcmentum of the droplets. These two cases

for nozzles 1 and 2 in Table 5.1.1 were conducted for a pressure of 20

psig. The results are presented in Figure 6.3.5. The results show a

slight increase in the QIF and a large inprovement in heat transfer

efficiency as carpared to the nozzle 1 and 2 cases in Figure 4.2.1. The

surface teTperature at the faximum heat flux is reduced by approxinately

15 OC for each case. The reason for the irprovement is that the

subcooled region (region I) discussed previously is eliminated by the

reduction in total flow rate. As soon as the surface tenperature

approaches 100 OC, the more efficient evaporation heat transfer (region

II) begins. The results obtained with the new apparatus also show

better repeatability than was possihle using the preliminary apparatus.

This is because the temperature control capability made it easier to

perform each rum in the same nanner. Two runs are shown fcr each case

in the figure.
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6.4 REJLTS OCHPARISC

This section coapares the present experimental results to those

previously published. The critical heat flux values are much higher
than those obtained by Toda [1]. Toda used a volume flow rate of about

1 gph or less. Droplet velocities and droplet sizes were on the order

of 50 m/s and 200 pm, respectively. These give much greater Weber

numbers caupared to the present experimt and ccnsequently more droplet

rebound, resulting in a liquid deficiency at a much lower heat flux. We

believe that the maximun heat flux for these cases was governed by a

deficiency in liquid supply due to droplet rebound. Bonacina et al.

supplied low volume flow rates of about 1-2 gph using droplets of small

dianoter and low velocity (3]. The overall flow rate was sufficient to
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remove a very high heat flux. However, only a smal 1 percentage of the

coolant impinged upon the surface. The droplet velocities and droplet

sizes were approximately 1-2 m/s and 50-100 pm, respectively. The heat

transfer coefficients they obtained were moderate due to the low
percentages of surface saturation. The maxiumn heat flux removed was

about 200 W/cm2 . They speculated that much larger heat fluxes could

have been obtained. However, this was not investigated due to apparatus

limitations. No droplet rebound or excess liquid buildup was observed

on the surface for these cases. Analysis of the spray conditions for
this research indicates that at higher heat fluxes, the droplet

diameters and velocities would have to be increased to avoid entrairment
in the escaping vapor. Eastmn and Ernst obtained very high heat fluxes
[2]. However, the heat transfer coefficients were very low. For a heat
flux of 1,000 W/cm2 , the preliminary experiments yielded a surface

superheat of only 45 0 C, and the inproved experiments only 5 0 C, while

Eastman and Ernst obtained superheats of over 100 0 C. The reason for

this difference is not readily apparent since no data concerning spray

conditions is known for the Eastman and Ernst experiments. However, in
general it appears that the lower the overall flow rate, the lower the

superheat. This is expected because the lower flow rates will yield

thinner liquid films which provide more efficient heat transfer.

The experiments conducted with the new apparatus and the previous

pressure atomizing nozzles also support the hypotheses presented in this

report. The reduced liquid flow rate impinging on the surface resulted
in much more efficient heat transfer. Increasing the distance between
the nozzle and the surface decreased the liquid supply to the surface,

but decreased the droplet impact momentum, resulting in much less

droplet rebound. The net effect was a slight improvement in COF.

Once again, the inuportance of choosing the proper spray

characteristics is apparent from the results comparison. Even though
the spray conditions provided by the improved experiments are not ideal,
they represent a trenwndous inprovement in heat transfer efficiency.
Since much less droplet rebound occurred than in the preliminary

experiments, reductions in overall flow rate in excess of 80 percent

were possible for any given heat flux. At the same tine, heat transfer
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efficiency increased druutically. At muximuu CHF of 1, 180 W/cm , the

inroved experinents reduced the surface temperature by nearly 50 °C.

Apparently the (fF limitations approached in the inproved experiumts

were dictated by a liquid deficiency resulting fron droplet entrainment.

This was, of course, expected since the mchniSm of droplet

acceleration towards the surface was entrairmnt in the air stagnation

flow field. As the heat flux increases, the increased vapor evolution

from the surface causes a change in the stagnation flow field that

results in a greater percentage of the spray being swept away fram the

surface.

50



VII CC=ISICNS AND MIDOD TIONS

We conclude that the spray characteristics govern the heat transfer

process for this type of high power donsity evaporative cooling. Just

as in pool boiling, the interaction between the liquid and the vapor has

a significant effect on the critical heat flux. Evidence of these

limits is seen in the analysis of the experimental results. The spray

characteristics in the preliminary experiments were such the the CHF was
dictated predominantly by droplet disintegration and rebound.

Conversely, the spray characteristics in the inproved experiments were

such that droplet entrainment led to the CHF. However, spray

characteristics can be chosen for a given heat flux such that the

droplet dimeters and velocities are in a range which avoids undesirable

droplet disintegration and rebound and entrairment. This will allow the

volume flux to be more closely matched to the heat removal requirements

thus limiting the excess liquid present. Experimental results have

shown that this will inprove heat transfer efficiency by reducing the

liquid film thickness on the surface.

The analytical model results suggest that if the spray conditions

are varied within the ideal range, greater inprovements in heat transfer
efficiency can be obtained by using the smallest possible droplets and

the highest percentages of surface saturation. These conclusions are
also supported by experimental data.

We have shown that accurate measurements of the spray
characteristics can indeed give good predictions of the maximum possible
heat flux for a given set of spray conditions. We recommend that a
technique for accurately controlling the droplet diameters and

velocities and surface saturation be developed so that the optinum

conditions within the suitable range can be accurately identified. In

addition to the spray characteristics, the surface saturation conditions
and the liquid film thicknesses also need to be accurately measured

before accurate predictions of heat transfer coefficients and surface
superheats can be nude.

We also reccanend that a method for protecting the surface from
degradation be developed to ensure the uniformity of the wetting
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characteristics. A surface which wets well and is resistant to

oxidation will increase the heat transfer efficiency by providing

thinner liquid layers.
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